A novel CO 2 -capturing natural gas combined cycle is proposed, in which cold energy during LNG gasification can be fully utilized to reduce the power consumption of oxygen production and the CO 2 recovery process penalty. In a simulated example, with the GE LMS100 TM gas turbine and corresponding 159 t·h -1 gasified LNG, the electrical exergy efficiency of the proposed cycle reaches 54.9%. In the same time, 90.6% CO 2 could be recovered. Compared with a natural gas combined cycle without CO 2 capture, the proposed cycle has slight net efficiency loss, and the quantity of avoided CO 2 is about 322 g·kW -1 h -1 . For a power plant with the proposed CO 2 -capturing cycle, the treated LNG is required around 119.6 t·h -1 per 100MWe generating capacity and it is 54.5% lower than that with conventional CO 2 -capturing power cycle with LNG cold energy utilization.
Introduction
The reduction of CO 2 emissions is one of the most important challenges to tackling climate change. Oxy-fuel combustion is a leading potential CO 2 capture technology, but implementing these cycles with oxy-fuel combustion for a considerable CO 2 reduction causes efficiency losses in a range of 8%-points or more in comparison with an equivalent plant without capture [1] . The liquefied natural gas (LNG) trade has increased rapidly during recent years. The utilization of the cold energy generated during LNG vaporization becomes more and more important. Deng et al. [2] and Zhang et al. [3] presented some systems integrated with LNG cold exergy utilization. Although the exergy efficiency of these proposed systems can reach above 50%, but there are a large amount of cold energy consumption to fully condense all of the flue gas to liquid. For a power plant with these cycles, the treated LNG is required around 263 t·h -1 per 100MWe generating capacity.
In this paper, a novel CO 2 -capturing natural gas combined cycle is proposed, in which cold energy of LNG can be fully utilized in air separation and CO 2 recovery to reduce the power penalty. Only a small part of flue gas needs to be condensed for CO 2 capture, and the cold energy consumption for CO 2 capture can be significantly reduced. Therefore, the proposed cycle may take full advantage of LNG cold energy to reducing CO 2 emissions. Fig. 1 shows a flow diagram of the proposed CO 2 -capturing natural gas combined cycle with LNG cold energy utilization. The CO 2 -capturing system is composed of four sections: the air separation unit with LNG cold utilization, the O 2 /CO 2 cycle, the CO 2 recovery process and the cryogenic power cycle by using LNG cold energy. Compared to the previous works, three new features are developed in this study. The first is the integration of air separation with the LNG evaporation process. Fig. 2 illustrates the air separation process by using LNG cold energy. The air separation unit (ASU) can produce not only high pressure gaseous O 2 but also high purity liquid N 2 . As a result, the O 2 production penalty can be greatly cut down. The second one is a supercritical steam cycle being used to recover the flue gas heat, because the turbine outlet temperature will be higher for a stream rich in CO 2 than for air. The third is the thermalcross integration of the CO 2 recovery process with the cryogenic power cycle for LNG cold energy utilization, so that CO 2 is condensed and recovered and the heat of condensation of CO 2 vapor is used for power generation in the cryogenic power cycle. 
Description of the cycle

Results and discussion
The simulations are carried out using the Aspen Plus TM software. LNG is generally a mixture with a typical composition of N 2 =0.10%, CH 4 =96.64%, C 2 H 6 =2.77%, C 3 H 8 =0.34%, iC 4 H 10 =0.07%, nC 4 H 10 =0.08% in mole fraction. The LNG stream from receiving terminal at 120K and 10.0MPa is fed into the proposed cycle, and its low heating value (LHV) is 49785 kJ· kg -1 . In the ASU section, the CPR2 CPR3 CPR1 Fig. 2 . Schematic diagram of the cryogenic air separation process with LNG cold energy utilization temperature difference of the condenser-reboiler exchanger is maintained around 1.5K, and the minimum temperature difference in the rest of heat exchangers needs to be larger than 2.0K. The isentropic efficiencies of these compressors were assumed 0.80. In O 2 /CO 2 cycle section, the pinch point temperature difference in HRSG is fixed at 15K, and the steam condensation pressure is set at 4000 Pa. The steam turbine isentropic efficiencies are assumed 0.891, 0.90 and 0.90 for HP turbine, IP turbine and LP turbine, respectively. The turbo-machinery mechanical efficiency is 99.0%. In the CO 2 recovery process section, the flue gas is compressed to 1.50 MPa for CO 2 capture. The isentropic efficiencies of the both natural gas turbines in the cryogenic cycle are assumed 0.80.
Penalty for the air separation with LNG cold energy utilization
The O 2 production process is extremely important for the oxy-fuel combustion technology with respect to power penalty and investment cost. The 95 mol.% O 2 purity is regard as an optimum value for oxy-fuel combustion cycle and used for the calculation in this work. The production of liquid air separation products is a high energy consumption process. The electric power required to produce one ton of liquid product is about 840 kWh·t -1 for a conventional system, but it is reduced to 400 kWh·t -1 by using LNG cold energy [4] . For the proposed cycle, the ASU by using LNG cold energy can produce a certain amount of high-purity liquid N 2 as a useful byproduct stream for cost sharing. To simplify computation, the energy consumption of unit liquid N 2 is fixed at 350 kWh·t -1 , which is similar to that of a full-liquid products ASU by using LNG cold energy. Therefore, ASU produce a certain amount of liquid nitrogen by using LNG cold energy that not only can reduce the energy consumption of high pressure gaseous oxygen, but also can supply large quantities of inexpensive liquid nitrogen.
The CO 2 -capturing natural gas combined cycle performance
The natural gas combined cycle model has been simulated with the GELMS100 TM gas turbine for which the firing temperature is 1653K and the pressure ratio is 42. The turbine outlet temperature of GELMS100 TM reaches to 997K in the O 2 /CO 2 cycle. In order to take advantage of the higher temperature of the flue gas, the supercritical steam cycle (live-steam parameters: HP steam 873K, 28.5MPa; IP steam 873K, 7.68MPa; LP steam: 558K, 0.34MPa) is used in flue gas heat recovery. The flue gas discharged from HRSG is cooled to 323K and withdraws the bulk of water. The mass flow rate ratio of liquid N 2 to gaseous O 2 (R LIN ) in the ASU section is assumed 40%. The most relevant simulation assumptions in this work are summarized in Table 1 . With 17.26 t·h -1 mass flow rate of natural gas and 75.0 t·h -1 mass flow rate of oxygen at the combustion chamber inlet taken as reference, Table 2 summarizes the computed performance of the proposed cycle. The net power output is 132.94MW, and the electrical exergy efficiency reaches 54.9% (based on LHV) with a 90.6% CO 2 recovery rate. Compared with a natural gas combined cycle without CO 2 capture, which has 56% of net electrical efficiency (based on LHV) with GE9FA gas turbine, the proposed cycle has only 1.1%-points of net efficiency loss. The quantity of avoided CO 2 is about 322 g·kW -1 h -1 . There are 159 t·h -1 mass flow rate of LNG being used to generate 132.94MWe in the CO 2 capture system. The power plant requires around 119.6 t·h -1 LNG stream per 100MWe generating capacity for air separation and CO 2 recovery, and it is 54.5% lower than that with conventional cycle [2, 3] . The natural gas-fired power plant with the proposed cycle would produce 286.3 MWe and recovery 8.12×10 5 t·a -1 of CO 2 if installed with the LNG receiving terminal that has an import capacity of 3.0×10 6 tonnes per year. 
Conclusions
A novel of CO 2 -capturing natural gas combined cycle with LNG cold energy utilization is proposed. With better thermodynamic performance, the electrical exergy efficiency of the cycle could reach 54.9%, and the treated LNG is only required around 119.6 t·h -1 per 100MWe generating capacity. The proposed cycle provided excellent performances on electrical efficiency and CO 2 emission reductions.
